The migration of dendritic cells (DCs) to secondary lymphoid organs depends on chemoattraction through the interaction of the chemokine receptors with chemokines. However, the mechanism of how lymphoid chemokines attract DCs to lymphoid organs remains unclear. Here, we demonstrate the mechanism of DC migration in response to the lymphoid chemokine CCL21. CCL21-mediated DC migration is controlled by the regulation of sarcoplasmic reticulum Ca 2+ ATPase 2 (SERCA2) expression rather than through the activation of mitogen-activated protein kinases CCL21-exposed mature DCs (mDCs) exhibited decreased SERCA2 expression but not decreased phospholamban (PLB) or Hax-1 expression, which are known to be SERCA2-interacting proteins. In addition, CCL21 did not affect the mRNA levels of SERCA2 or its interacting protein Hax-1. Interestingly, SERCA2 expression was inversely related to DC migration in response to chemokine stimulation. The migratory capacity of CCL21-treated mDCs was decreased by the phospholipase C inhibitor U73122 and by the protein kinase C inhibitor BAPTA-AM. The migratory capacities of mDCs were increased in response to SERCA2 siRNA expression but were decreased by SERCA2 overexpression. In addition, DCs treated with a SERCA2-specific inhibitor (cyclopiazonic acid) had significantly increased migratory capacities as mDCs regardless of SERCA2 expression. Moreover, SERCA2 expression was dependent on DC maturation induced by cytokines or Toll-like receptor agonists. Therefore, the migratory capacities differed in differentially matured DCs. Taken together, these results suggest that SERCA2 contributes to the migration of CCL21-activated DCs as an important feature of the adaptive immune response and provide novel insights regarding the role of SERCA2 in DC functions.
INTRODUCTION
Dendritic cells (DCs) can be used as potent immunotherapeutic vaccines for cancer because they are the most effective antigen-presenting cells involved in regulating in vivo immune responses. 1, 2 Unlike other antigen-presenting cells, DCs are specialized for homing to the T cell zones of lymphoid organs for the sensitization of T lymphocytes. 3, 4 The migration of DCs toward T cell zones requires the upregulation of CCR7 in response to its ligands, CCL19 and CCL21, which are expressed by stromal cells in the T cell zones of lymph nodes. [5] [6] [7] [8] Chemokine signals are regulated by their cognate receptors, G-protein-coupled cell-surface receptors. Consistent with these findings, Forster et al. 9 demonstrated that CCR7-knockout mice show severe morphological alterations and defective DC migration. Moreover, mice deficient in CCL19 and CCL21
show defects in leukocyte migration and altered immune responses. 10, 11 Chemokine receptors allow DCs to migrate toward a chemotactic stimulus and regulate the migratory speed of the cells. [12] [13] [14] Chemokine receptors relay intracellular signals that lead to the inhibition of adenyl cyclases through the G αi subfamily of G proteins, which regulate a variety of signaling molecules, especially mitogen-activated protein kinase (MAPK) family members such as MAPKs, ERK1/2, JNK and p38. [14] [15] [16] [17] [18] [19] These receptors may also lead to the activation of phospholipase C (PLC) and phosphatidylinositol-3-kinases (PI3Ks) in response to G βγ proteins released from G αi proteins, followed by the diacylglycerol (DAG)-mediated activation of protein kinase C (PKC) and the release of calcium from intracellular stores, leading to the activation of protein kinase B (PKB, Akt) and ERK-2. [20] [21] [22] Other signaling pathways involving chemokine receptors include the GTPase/Rho-dependent pathway that activates proline-rich tyrosine kinase 2 (Pyk2), which regulates leukocyte motility. 14, 21, 23 Interestingly, MAPK-and PLC-mediated signals regulate CCR7-dependent chemotaxis, whereas Rho/Pyk2-mediated signals regulate migratory speed. 14 However, the PI3K/Akt signaling pathway does not regulate the CCR7-dependent chemotaxis or migratory speed of DCs. 14 It is difficult to dissect the importance of each event in relation to a specific biological end-point. Various signaling pathways, rather than a single pathway, acting through the chemokine receptor CCR7 appear to orchestrate and regulate distinct DC migratory responses, such as chemotaxis and migratory speed.
Clinical vaccine studies in patients with several types of cancer have shown that human in vitro-generated DCs are the most potent cancer vaccines among the various types examined, including peptides, viruses, tumor cells, heat shock proteins and DCs. 24 Most protocols involve the in vitro loading of tumor antigens on DCs, followed by DC maturation and injection of the DC vaccine. The important variables that impact T cell priming are the number of DCs injected, and ultimately, the number of DCs that migrate to the T cell zone. An understanding of the mechanism of DC migration in response to lymphoid chemokines will facilitate the development of more potent DC vaccines.
In our previous study, we demonstrated that pre-stimulating mature DCs (mDCs) with the lymphoid chemokine SLC/CCL21 dramatically enhanced the cytotoxic T lymphocyte-inducing functions of DCs by increasing cytolytic activity without any significant alterations in the expression of cell surface markers or the production of cytokines. 25 Furthermore, we recently reported that mDCs treated with IFN-γ, IL-1β and polyI:C, out of six different maturation cocktails, showed a lower expression of SERCA2 and a higher expression of p-cofilin, and consequently, an increased migratory capacity relative to cells treated with the other cocktails. 26 Along this line, this study provides cellular and molecular clues in regard to DC migration with a focus on the lymphoid chemokine SLC/CCL21 and sarcoplasmic reticulum Ca 2+ ATPase 2 (SERCA2).
Therefore, we investigated the regulatory mechanism of DC migration in response to the pre-stimulation of maturing DCs with chemokine CCL21 and demonstrated that SERCA2, which is located in the sarcoplasmic reticulum and is involved in calcium influx from the cytosol to the sarcoplasmic reticulum, is associated with the capacity of DCs to migrate to lymph nodes in response to the lymphoid chemokine CCL21. SERCA2 expression was decreased by CCL21 and was inversely associated with DC migratory capacity, which was supported by the results from tests using adenovirus-mediated SERCA2 siRNA expression and SERCA2 overexpression. Moreover, mDCs treated with a SERCA2-specific inhibitor, but not mDCs treated with a MAPK-specific inhibitor, had an increased migratory capacity in response to CCL21. SERCA2 was found to be more related to DC migration than were MAPKs and cofilin. Therefore, we present the novel observation that SERCA2 is involved in DC migration and that this relationship may be used to develop potent DC vaccines.
MATERIALS AND METHODS Reagents
The DC culture medium used was Iscove's modified Dulbecco's medium (IMDM) from Gibco-BRL (Grand Island, New York, USA) containing 10% FBS from PAA Laboratories Inc. (Toronto, Canada). IL-4, IL-1β, TNFα and IFN-γ were obtained from Peprotech (Rocky Hill, New Jersey, USA). IFN-α was provided from LG Life Sciences (Chonbuk, Korea) and GM-CSF was from LG Biochemicals (Daejeon, Korea). CCL21 was purchased from R&D Systems (Minneapolis, MN, USA). Ficoll-Hypaque was purchased from Axis-SHIELD PoC AS (Lymphoprep, Oslo, Norway). All monoclonal antibodies (mAb) used for flow cytometry were obtained from BD Biosciences (Pharmingen, San Diego, CA, USA), except the mAb for CCR7 (R&D Systems, Minneapolis, MN, USA). CD14-conjugated microbeads were purchased from Miltenyi Biotec (Auburn, CA, USA). MAPK inhibitors were from Cell Signaling Technology (Boston, MA, USA) for U0126, Tocris Bioscience (Bristol, UK) for SP600125 and Calbiochem (Darmstadt, Germany) for SB203580. Wortmannin, LY294002, U73122 and BAPTA-AM were obtained from Dr Han's Laboratory (Chonnam National University, Gwangju, Republic of Korea).
Generation and maturation of monocyte-derived DCs
Peripheral blood samples were collected from healthy donors and melanoma patients after obtaining informed consent according to a protocol approved by the Chonnam National University Hwasun Hospital institutional review board. Peripheral blood mononuclear cells were isolated using density gradient centrifugation with Ficoll-Hypaque, and monocytes were isolated by positive selection with CD14-conjugated microbeads and a magnetic-activated cell sorter. Monocytes of at least 95% purity were cultured at a concentration of 1 × 10 6 cells ml − 1 in a six-well plate (Becton Dickinson, Franklin Lakes, New Jersey, USA) in IMDM containing 10% FBS and 1% penicillin/streptomycin and supplemented with GM-CSF (50 ng ml − 1 ) and IL-4 (20 ng ml − 1 ). On day 6, immature DCs were matured with α-type 1-polarizing cocktail (IL-1β (10 ng ml − 1 ), TNFα (50 ng ml − 1 ), IFNα (3000 U ml − 1 ), IFNγ (100 ng ml − 1 ) and polyI: C (20 μg ml − 1 )) for 2 days. mDCs were pre-treated with the chemokine CCL21 in a dose-and time-dependent manner before getting collected. CCL21 treatments were added at 2 h before collecting mDCs. In addition, mDCs were treated with various inhibitors-including those of the MAPK-specific signaling pathway and the Ca 2+ signaling pathway-for 2 h before collection.
Production of adenovirus-mediated SERCA2 siRNA and SERCA2-overexpressing adenoviruses DNA templates for the synthesis of silencing RNAs were cloned into pRNAT-H1.1 plasmids under control of the H1 promoter (GenScript, NJ, USA). The coding sequence for human SERCA2 siRNA was from the homologous region, as described previously. 27, 28 SERCA2 siRNA was synthesized with flanking sequences recognized by the restriction enzymes XhoI and HindIII (5′-TCGAGGACTTGCTAGTTAG GATTTTTGCGGCCGCAAAATCCTAACTAGCAAGTCTTTTTGGA AA-3′ and 5′-AGCTTTTCCAAAAAGACTTGCTAGTTAGGATTTTG CGGCCGCAAAAATCCTAACTAGCAAGTCC-3′) (Genotech, Korea). The oligonucleotides were annealed in the presence of 50 mM Tris-HCl (pH 8.0) and 100 mM NaCl while being heated at 95°C for 2 min, followed by cooling to room temperature. The annealed oligonucleotides were ligated with pRNAT-H1.1 plasmids (digested with XhoI/HindIII) at 16°C for 2 h. The ligated DNA was then transformed into competent DH5α cells, and the cells were selected for ampicillin resistance. The pRNAT/SERCA2 siRNA plasmids were linearized with PmeI and transformed into competent BJ5138 cells by electroporation to produce recombinant adenoviral plasmids. The cells were selected for kanamycin resistance. The recombinant plasmids were selected by digestion with PacI (insert size should be 4.5 or 3 kb) and amplified by transformation into competent DH5α cells. The pAd/SERCA2 siRNA plasmids were linearized with PacI and then transfected into Ad-293 cells to produce adenoviruscontaining SERCA2 siRNA. The scrambled adenovirus was a gift from Dr Keesook Lee (Chonnam National University, Gwangju, Korea).
The SERCA2 ORF region was cloned into the pCL20C-MSCV-IRES-GFP retroviral vectors via PCR amplification. Retroviruses were produced in 293T cells via the transient transfection of SERCA2 or GFP expressing vectors and packaging plasmids expressing the env, gag and pol genes according to the manufacturer's protocol using Fugene 6 (Roche, IN, USA).
Adenovirus or retrovirus-mediated gene transfer
Immature DCs (1.5 × 10 6 cells) were collected, washed with 1 × phosphate-buffered saline, resuspended in 100 μl of serum-free IMDM, and combined with adenoviruses containing SERCA2 siRNA or scrambled siRNA, or with retroviruses containing SERCA2 ORF or GFP. The suspension was gently mixed and incubated for 2 h at 37°C. After incubation, the cells were centrifuged, the supernatant was removed, and the cells were resuspended at 0.3 × 10 6 per ml in complete IMDM containing DC-maturation cocktails. Cells were then incubated at 37°C for 48 h before analysis of GFP expression using fluorescence microscopy.
Migration assay
DC migration toward CCL21 (R&D Systems) was measured in 24-well transwell plates fitted with polycarbonate filters with a 5-μm pore size (Corning Costar, New York, NY, USA). A total of 600 μl of culture medium (IMDM with 10% FBS) with CCL21 (250 ng ml − 1 ) was added to the bottom of the chambers. The mDCs (5 × 10 4 cells/100 μl) were added to the upper chamber. After 3 h of incubation at 37°C, the migrated cells (500 μl) in the bottom chamber were collected and counted using a FACSAria cell sorter for 60 s.
Co-immunoprecipitation and western blot analysis
Total proteins were prepared from mDCs in a lysis buffer (PRO-PREP, iNtRON Biotechnology, Daejeon, Korea) supplemented with phosphatase inhibitor cocktail 1 and 2 (Sigma, St Louis, MO, USA) and were separated via SDS-PAGE. Proteins on the gels were transferred to a PVDF membrane (Millipore Corporation, Billerica, MA, USA), subjected to western blotting with anti-SERCA2, anti-PLB, anti-Hax-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-ERK1/2, anti-p-ERK1/2, anti-p38, anti-p-p38, anti-JNK, anti-p-JNK, and anti-tubulin (Cell Signaling Technology, Beverly, MA, USA), and then detected using Immobilon Western Chemiluminescent HRP Substrate (Millipore). Immunoreactive bands were analyzed and quantitated using an LAS-3000 imaging system and Multi Gauge version 3.0 (Fuji film, Fuji photo film Co, Ltd., Tokyo, Japan), respectively.
Real-time reverse transcription (RT)-PCR
Total RNA was extracted from monocytes, immature DC (imDC) and mDCs cultured in the presence or absence of CCL21. Quantitative RT-PCR was performed using a real-time PCR machine (Corbett Research, Sydney, Australia) and a QuantiTect SYBR Green RT-PCR Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. PCRs were performed using the human SERCA2 primer set (forward primer: 5′-GGTGGTTCATTGCTGCTGAC-3′, reverse primer: 5′-TTTCGGACAAGCTGTTGAGG-3′) or the human Hax-1 primer set (forward primer: 5′-TCCAGATAGTCACCAGCCCA-3′, reverse primer: 5′-GGGAAACCTGGGAATCAAGA-3′) and the β-actin primer set (forward primer: 5′-CCCTCCATCGTCCACCGC AAATGCTTC-3′, reverse primer: 5′-CGACTGCTGTCACCTTCACC GTTCCAG-3′) as a quantitative control. Signals were analyzed using Rotor Gene 2000 (RG-2000) software (Corbett Research).
Statistical analysis
Unpaired, two-tailed Student's t-tests were used to evaluate differences in means between two groups. P-values were considered statistically significant at Po0.05, and significant differences are indicated with an asterisk (*).
RESULTS

MAPKs are not involved in the migration of CCL21-treated DCs
It is known that CCL21 triggers DC migration via its cognate receptor, CCR7. The signaling pathway involving CCR7 includes MAPK activation via the G i -protein signaling cascade. 14 However, the mechanism of DC migration in response to CCL21 remains unclear. We examined the effect of CCL21 pretreatment on DC migration at different time points (0, 15, 30, 60 and 120 min) and at different concentrations of CCL21 (5, 10, 25 and 250 ng ml − 1 ). In this preliminary experiment, the DCs showed an enhanced migration capacity, without any alteration of CCR7 and CD38 expression on the DCs, in response to 25 ng ml − 1 of CCL21 on 2 h treatment before DC collection, as described in Supplementary Figures 1A-C . Thus, we investigated whether the activation of MAPKs was associated with the DC migration stimulated by CCL21. Whole-cell lysates were prepared from mDCs with or without CCL21 exposure (0, 15, 30 and 120 min) before collection. Total proteins were analyzed using mAbs against MAPKs and phospho-MAPKs. The levels of phospho-MAPKs-including pERK1/2, pp38 and pJNK-were transiently decreased at 15-30 min after exposure to CCL21, but were restored at 120 min after CCL21 exposure to levels similar to the phospho-proteins in untreated control mDCs (Figure 1a) . The levels of total MAPKs were constant, regardless of CCL21-exposure time. Consistent with this result, CCL21-exposure-enhanced DC migratory capacity was not inhibited by the MAPK inhibitors U0126 (for ERK1/2), SB203580 (for p38), or SP600125 (for JNK) (Figure 1b) . In addition, MAPK inhibitors did not affect the migratory capacity of DCs not exposed to CCL21.
CCL21 reduces the protein level of SERCA2 but not of PLB or Hax-1 On the basis of our results, other signaling pathways may be involved in the migratory capacity of DCs exposed to CCL21. Previous studies have shown that CCL21-triggered signaling in DC migration requires the calcium signaling cascade through the PLC and PKC signaling pathways in mature DCs. 19 Interestingly, the migration of myocytes was found to be associated with the calcium signaling cascade through SERCA2 regulation via protein tyrosine kinase 2 (PYK2). 29 Thus, we first examined SERCA2 as a downstream signaling molecule of the intracellular calcium signaling pathway. In contrast to MAPK phosphorylation, the level of SERCA2 expression increased at 15 and 30 min after CCL21 exposure, and it was significantly decreased at 2 h (Figure 2a ). This decrease in SERCA2 expression was consistent with the enhancement of DC migration caused by CCL21 exposure (Figure 1b and data not shown). However, the expression of phospholamban (PLB) and HCLS1-associated protein X-1 (Hax-1), which are SERCA2-associated proteins, was unaffected by CCL21 exposure (Figure 2a) . The mRNA level of SERCA2 was not in concordance with its decreased protein level (Figure 2b) , suggesting that the enhanced DC migration caused by CCL21 exposure occurred due to effects in the posttranscriptional stage.
SERCA2 is directly associated with DC migration
To explore the role of SERCA2 in DCs, we investigated whether SERCA2 proteins were associated with DC migration. First, after 6 days of culturing, we infected imDCs with adenovirus-mediated SERCA2 siRNA or scrambled siRNA for 2 h before initiating DC maturation. After 2 h of infection, Enhanced DC migration via SERCA2 inhibition by CCL21 CY Hong et al imDCs were matured with fresh, complete IMDM medium supplemented with a DC-maturation cocktail. Whole-cell lysates were prepared and analyzed via western blotting using mAb against SERCA2. Adenovirus infection efficiency was determined based on GFP expression following SERCA2 protein expression (~70%, data not shown). SERCA2 siRNA expression led to lower SERCA2 protein levels compared with the protein levels associated with scrambled siRNA expression (Figure 3a) . In vitro migration assays using SERCA2 siRNAinfected DCs showed increased DC migration in response to the chemokine CCL21 (Figure 3a) . SERCA2 was then overexpressed in DCs and their in vitro migratory capacity was determined. In contrast to SERCA2 siRNA expression, the overexpression of SERCA2 decreased DC migration in response to the chemokine CCL21 (Figure 3b) . Interestingly, the SERCA2 inhibitor cyclopiazonic acid increased DC migration but did not suppress SERCA2 expression (Figure 3c ), suggesting that SERCA2 activity is directly associated with DC migration.
CCL21 inhibits SERCA2 expression through PLC and PKC
Previous studies have shown that DC migration is mediated by intracellular calcium influx via the PLC and PKC signaling pathways but not by phosphatidylinositol-3 (PI3) kinase. 19 To explore whether the enhanced migratory capacity of CCL21-exposed DCs was associated with the Ca 2+ signaling and the SERCA2 axis, we analyzed whether CCL21-treated DCs were regulated by inhibitors, such as wortmannin, LY294002, U73122 and BAPTA-AM. DCs were incubated with the inhibitors and with or without CCL21 for 2 h before collection.
Consistent with previous results, the addition of the specific PI3-kinase inhibitor wortmannin or LY294002 to maturing DCs had no effect on DC migration, but the PLC inhibitor U73122 and the intracellular Ca 2+ chelator and PKC inhibitor BAPTA-AM inhibited DC migration in response to CCL21 (Figure 4a ). Interestingly, wortmannin and LY294002 did not affect the CCL21-induced decrease in SERCA2 expression, but U73122 and BAPTA-AM counteracted the decrease in SERCA2 level caused by CCL21 exposure and returned it to the level of the control cells that were not treated with the inhibitors (Figure 4b ).
DC migration is coordinated by SERCA2 expression and cofilin phosphorylation
Previous studies have shown that the reorganization of the actin cytoskeleton is a central event in cell migration, and the actin-binding protein cofilin has an essential role in controlling the actin cytoskeleton through the depolymerization and severing of filamentous actin. 30, 31 In addition, the phosphorylation of cofilin has a critical role in IL-8-dependent chemotaxis. 32 Thus, we examined cofilin expression after CCL21 exposure to explore whether CCL21 affects cofilin expression. CCL21 exposure caused a decrease in the phosphorylation of cofilin compared to phosphorylation in unexposed DCs but did not affect total cofilin levels ( Figure 5a ). This result suggests that the phosphorylation of cofilin is associated with DC migration, which differs from the results for SERCA2 expression during CCL21 exposure. The migratory capacity of differentially matured DCs seemed to be different. Thus, we examined SERCA2 and cofilin Figure 3 The levels of SERCA2 expression determined the migratory capacities of DCs. (a) Immature monocyte-derived DCs were transduced with adenovirus-mediated SERCA2 siRNA or scrambled siRNA and then matured using the cytokine cocktails described in the Materials and methods. mDCs were collected and analyzed via Western blot and migration assays. (b) Immature monocyte-derived DCs were transduced with SERCA2-or GFP-overexpressing adenoviruses and then matured using the cytokine cocktails described in the Materials and methods. (c) Cyclopiazonic acid was administered during DC maturation. Western blot results are representative of three independent experiments, and results of the migration assays are presented as the means ± s.d. of three independent experiments. P-values indicate significant differences compared with the controls.
expression to explore the role of cytokines and Toll-like receptor (TLR) agonists in the migration of differentially matured DCs (Figure 5b ). Cofilin phosphorylation and SERCA2 expression were differentially regulated by DC maturation cytokines and TLR agonists. Interestingly, SERCA2 expression was inversely associated with the phosphorylation of cofilin.
To examine the effect of each protein on DC migration, we measured in vitro the migratory capacity of differentially matured DCs in response to CCL21. As shown in Figure 5c , SERCA2 expression was very low in highly migrated polyI: C-matured DCs, whereas it was very high in minimally migrating IFN-γ-and TNFα-matured DCs. The phosphorylation of cofilin was high in highly migrated polyICmatured DCs, whereas it was relatively low in minimally migrating IFN-γ-and TNFα-matured DCs compared to the results in other cytokine-matured DCs. Although lipopolysaccharides (LPS)-matured DCs expressed low levels of SERCA2 and showed lower levels of cofilin phosphorylation than polyIC-matured DCs, DC migratory capacity was lower in LPS-matured DCs than in polyIC-matured DCs. In addition, IFNα-matured DCs expressed higher levels of SERCA2 and had lower levels of cofilin phosphorylation than polyIC-matured DCs. However, the DC migratory capacity of these cells was similar to that of polyIC-matured DCs. These results suggest that the regulation of DC migration is orchestrated by SERCA2 expression and cofilin phosphorylation.
DISCUSSION
In DC-based cancer immunotherapy, vaccine efficiency is dependent on the potency of an injected vaccine to activate naive T lymphocytes in lymph nodes. To improve the clinical capability of a DC vaccine, potent mDCs must migrate toward lymph nodes in response to lymphoid chemokines. DC migration starts with the expression of CCR7 during the maturation of imDCs, 5 which appears to be expressed at different levels in the presence of various maturation cocktails in response to lymphoid chemokines, which may attract maturing DCs to the lymph nodes with different migratory efficiencies. [33] [34] [35] Previous studies have shown that the signaling pathway triggered by the engagement of the lymphoid chemokines CCL19 and CCL21 with their cognate receptor CCR7 has a central role in DC migration to lymph nodes. 14, 36 Indeed, because DC migration occurs as a simultaneous event with DC maturation and because DCs mature in response to lymphoid chemokines, 25 it is difficult to identify the intrinsic function of lymphoid chemokines in attracting mDCs to the lymph node and to determine the specific mechanism by which DC-based cancer vaccines move to the lymph node after injection. Therefore, it remains challenging to identify specific intracellular target proteins involved in DC migration and in the underlying molecular signaling pathways through the interaction of a lymphoid chemokine and its cognate receptor. Here, we demonstrate that the functional role of lymphoid chemokine is to control intracellular calcium levels by regulating the SERCA2 protein, which is located in the sarcoplasmic and endoplasmic reticulum, and is involved in the influx of calcium ions from the cytosol.
Although previous studies have demonstrated that the signaling pathways involving CCR7 are coupled to G proteins of the G αi type, 36 and include PI3-kinase and PKB phosphorylation, MAPK activation and PLC activation, 14, 19 the migration of CCL21-exposed mDCs is independent of the activation of MAPKs and PI3-kinase because it was insensitive to the MAPK inhibitors U0126, SB203580 and SP600125 (Figure 1b) , and the PI3-kinase inhibitors wortmannin and Ly294002 (Figure 4a ). Moreover, CCL21 exposure for 2 h before the collection of mDCs did not affect the phosphorylation of MAPKs (Figure 1a) , although ERK activation is dependent on G proteins and is required for cell migration. 37, 38 These results indicate that the DC migration signaling pathway stimulated by CCL21 is different from LPS-induced DC migration, which involves K Ca 3.1 activation via TLR4. 39 Therefore, several maturation signals may induce the migration of DCs to secondary lymphoid organs via different signaling cascades.
Intracellular Ca 2+ acts as a key regulator of actin assembly, thereby affecting the migratory activity of DCs. 40 For example, exposure of DCs to Gram-negative bacteria or LPS increases cytosolic Ca 2+ levels through two mechanisms: the entry of extracellular Ca 2+ and the release of Ca 2+ from intracellular stores. 41, 42 Elevated Ca 2+ in turn causes extensive actin-based cytoskeletal rearrangement, including the loss of podosomes, thereby facilitating the conversion of DCs to a migratory phenotype. 43 CCL21-mediated migration of DCs may be regulated by the SERCA2 protein, which regulates the influx of Ca 2+ from the cytosol to the sarcoplasmic reticulum. Blocking Ca 2+ stores from the sarcoplasmic reticulum may maintain or cause high-cytosolic Ca 2+ levels during DC maturation, thereby increasing DC migration to target organs. Interestingly, during DC maturation, SERCA2 expression was increased within 30 min and reduced at 2 h after CCL21 treatment (Figure 2a) . At the same time, ERK and JNK were less activated within 30 min compared with their activation in cells at 2 h (Figure 1a) . These results suggest that SERCA2 has several functions in response to lymphoid cytokines. Moreover, SERCA2 expression was regulated by the Ca 2+ signaling pathway, especially through the PLC and PKC signaling cascades (Figure 4) . However, how PLC and PKC signals regulate SERCA2 expression remains unclear.
In summary, the present data demonstrate that the migratory properties of CCL21-treated monocyte-derived DCs are mediated by Ca 2+ influx from the cytosol to the sarcoplasmic reticulum via SERCA2 regulation. These results provide novel insights into the role of the SERCA2 protein in DCs in vitro and suggest a novel mechanism of DC migration that is dependent on the presence of maturation-inducing cytokines.
